In this study, we report the formation of barrier-type anodic lms on magnetron-sputtered magnesium lms at a constant current density of 10 A m −2 in ethylene glycol (EG)-H 2 O electrolytes containing 0.1 mol dm −3 ammonium uoride and 0.1 mol dm −3 dipotassium hydrogen phosphate. The growth ef ciency is close to 100% up to 10 vol% H 2 O, but decreases to 52% in the EG-free aqueous electrolyte. Even at such a low ef ciency in the aqueous electrolyte a uniform barrier-type anodic lm with at and parallel metal/ lm and lm/electrolyte interfaces is developed over 100 V. This is contrast to the non-uniform lm growth and low breakdown voltage in the phosphate-free aqueous electrolyte containing ammonium uoride. The anodic lms appear to be amorphous regardless of H 2 O concentration in the phosphate-containing electrolytes, and consist of phosphate-incorporated oxy uoride. The phosphate incorporation is suppressed by an increase in H 2 O concentration. In addition, the anodic lms consist of two layers with an inner layer containing less amount of phosphate. The outer layer is probably formed at the lm/electrolyte interface by the migration of Mg 2+ ions outwards, while the inner layer is formed at the metal/ lm interface. The lm formation at the former interface even in the aqueous electrolyte at low ef ciency is likely to contribute to the formation of barrier lms, not porous anodic lms.
Introduction
Magnesium and its alloys have attracted growing interest as structural materials in aerospace, electronics and automotive industries owing to their low density and high strength/ weight ratios, and, therefore, are considered as alternatives to aluminum alloys. A drawback of magnesium alloys is their low corrosion resistance in aqueous electrolytes, which limits their wide range of applications. Various surface treatments including anodizing have been applied to provide corrosion protection to magnesium alloys. 1, 2) Most anodizing treatments produce relatively thick porous oxide lms under conditions of dielectric breakdown. [3] [4] [5] [6] [7] [8] Films formed under the absence of dielectric breakdown have also been investigated in aqueous and non-aqueous electrolytes. A variety of aqueous electrolytes have been utilized to form anodic lms on magnesium and its alloys and the incorporation of electrolyte species in uences the lm structure and composition; lms have been reported to consist of MgF 2 , MgO and/or Mg(OH) 2 , dependent upon the electrolyte composition. [9] [10] [11] [12] In ethylene glycol (EG)/hydro uoric acid electrolyte, nanoporous and nanotubular anodic lms consisting of magnesium oxy uoride were formed on WE43 magnesium alloy. 13) Thick porous layers were also formed in nominally water-free methanol or ethanol electrolyte containing nitrate, with the layers consisting mainly of Mg, O and C. 14) The growth behavior of anodic lms on magnesium and AZ magnesium alloys in amine/EG electrolytes varied with water concentration; compact barrier-type lms with high corrosion resistance were formed at water concentrations between 10-40%. 15) Organic species were incorporated into the anodic lms, and their incorporation was enhanced by reducing the water concentration.
By utilizing organic electrolytes containing uoride, it was also reported recently that the growth of barrier-type anodic lms proceeded at high current ef ciency in uoride-containing glycerol or ethylene glycol electrolytes. 16, 17) In particular, the growth ef ciency of the anodic lms formed on magnetron-sputtered magnesium in the uoride/EG was close to 100%. The lms contained crystalline MgF 2 phase and the Pilling-Bedworth ratio (PBR) in this lm growth is greater than unity, probably contributing to the uniform and ef cient lm growth, in addition to the high chemical stability of MgF 2 . The formation of uniform anodic lms on magnesium provides an opportunity of systematic and detailed studies on growth of anodic lms on magnesium and its alloys. Anodizing behavior of magnetron-sputtered Mg-Cu and Mg-W alloys was conducted in uoride/glycerol electrolyte with particular attention paying to the enrichment of alloying elements at the alloy/ lm interface. 18) In uence of phosphate addition into the uoride/EG electrolytes on the growth, structure and composition of the anodic lms was also investigated. 19) The incorporation of phosphate changed the lm structure from crystalline to amorphous. In addition, much thicker anodic lms were formed at the same formation voltage in the phosphate-containing electrolyte, indicating the increase of the PBR value by phosphate incorporation. In the uoride/ EG electrolytes, the growth ef ciency is reduced by the addition of water above 50% and lm breakdown occurs at low voltages. The dif culty of the formation of uniform anodic lms on magnesium in aqueous electrolytes has often been explained in terms of the low PBR value (0.80) of MgO/ Mg. 20, 21) It is probable that the incorporation of phosphate into the anodic lms on magnesium promotes the uniform growth of anodic lms even in aqueous electrolytes by enlarging the PBR value. In the present study, the growth behavior of anodic lms on magnesium EG-H 2 O electrolytes containing both uoride and phosphate was examined. Particular attention was paid to the in uence of the concentration of H 2 O and the addition of phosphate in electrolyte on the growth ef ciency and uniformity of the anodic lms. The resultant anodic lms were characterized using transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), Rutherford backscattering spectroscopy (RBS) and FT-IR spectroscopy. The lm growth ef ciency was evaluated mainly from RBS analysis and the lm growth was discussed based on ionic transport and volume expansion in anodizing of magnesium.
Experimental
Magnetron sputtering technique was used to deposit thin magnesium lms of 220 nm thickness on aluminum substrates. The target used was a 99.9% magnesium disc of 100 mm in diameter and the aluminum substrate with at surface was prepared by electropolishing 99.99% pure aluminum sheet at 20 V in HClO 4 (60%)-ethanol (1:4 volume ratio) mixed solution for 5 min and then anodizing to 200 V at 50 A m −2 in 0.1 mol dm −3 ammonium pentaborate aqueous electrolyte.
The deposited magnesium lms were anodized to selected voltages at a constant current density of 10 A m −2 in the EG-H 2 O mixed electrolytes containing 0.1 mol dm −3 NH 4 F and 0.1 mol dm −3 K 2 HPO 4 at 293 K. The conductivity of the electrolyte was evaluated by electrochemical impedance spectroscopy. Anodizing was carried out in a two-electrode cell using a platinum sheet counter electrode. After anodizing, the anodized specimens were rinsed with Milli-Q water and dried in a cool air stream.
The structures of anodic lms were identi ed by XRD using a Rigaku, RINT-2200 X-ray diffractometer. The XRD patterns were obtained in an α − 2θ (α = 1 ) mode. The surfaces of the anodized specimens were observed using a JEOL, JSM-6500F eld emission scanning electron microscope operated at an accelerated voltage of 15 kV, while the cross-sections of the anodized specimens were observed by a JEOL, JEM-2000FX transmission electron microscope operated at an accelerated voltage of 200 kV. For the preparation of electron transparent sections, we used a Hitachi FB2100 focused ion beam system. Further, lm compositions were examined by Rutherford backscattering spectroscopy (RBS), using 2.0 MeV He 2+ ions supplied by a tandem-type accelerator at Institute for Materials Research, Tohoku University, with detection of scattered ions at 170 . Data were interpreted using the RUMP program. 22) FTIR spectra of the anodized specimens were obtained using a JASCO FT-IR 350 spectrometer. Figure 1 shows the voltage-time curves of the magnesium lms during anodizing at a constant current density of In Fig. 1 , the voltage-time curve during anodizing of the magnesium lm in the phosphate-free aqueous electrolyte containing 0.1 mol dm −3 uoride is also included. It is obvious that the linear voltage rise continues to a higher voltage in the phosphate-containing aqueous electrolyte in comparison with the phosphate-free counterpart. In addition, the dielectric breakdown voltage in the phosphate-containing electrolyte (120 V) is much higher than that in the phosphate-free electrolyte (55 V). Thus, it is likely that the addition of phosphate in the electrolyte promotes the growth of uniform anodic lms on magnesium to higher voltages. Figure 2 shows the change in the slope of the voltage rise with the H 2 O concentration in electrolyte. The slopes obtained in the phosphate-free EG-H 2 O electrolytes with the same uoride concentration 19) are also included in this gure. The slopes are always lower in the phosphate-containing electrolytes ( 0.76 V s ). As discussed later, the anodic lms are formed at high current ef ciency close to 100% at lower H 2 O concentrations in both the phosphate-free and phosphate-containing electrolytes. The reduction of the slope suggests that the anodic lms formed in the phosphate-containing electrolytes are thicker than those in the phosphate-free electrolytes. The slope decreases gradually with an increase in water concentration above 30 vol% H 2 O in the phosphate-containing electrolytes, whereas the signi cant reduction of slope occurs above 50 vol% H 2 O in the phosphate-free electrolytes. The reduced slope at high H 2 O concentrations is associated with a decrease in current ef ciency for lm growth as discussed later. Figure 3 shows the change in the voltage of dielectric breakdown with the logarithm of electrolyte conductivity. There is a good linear correlation between the breakdown voltage and the logarithm of the conductivity in the phosphate-containing electrolytes containing 50 vol% and higher concentrations of H 2 O. This linear correlation is well-known in anodizing of valve metals in aqueous electrolytes. There was another report that the breakdown voltage was controlled by the anion concentration in the aqueous electrolytes. 23) However, in the present study the anion concentration remains unchanged and only H 2 O concentration is changed. Thus, it is unlikely that the anion concentration is a critical factor in controlling the dielectric breakdown in the present EG-H 2 O mixed electrolytes. The breakdown voltage in the phosphate-free electrolyte, also shown in this gure, is located far below the linear correlation for the phosphate-containing electrolytes. The low breakdown voltage in the phosphate-free aqueous electrolyte is, therefore, not due to the electrolyte conductivity. The presence of phosphate in electrolyte or phosphate incorporation in the anodic lm may have positive in uence in an increase in the breakdown voltage. Figure 4 shows the scanning electron micrographs of the surfaces of the sputter-deposited magnesium lms as-deposited and anodized to 100 V in the EG-H 2 O electrolytes containing 0.1 mol dm −3 NH 4 F and 0.1 mol dm −3 K 2 HPO 4 at 293 K. The hexagonal shaped grains are evident in the micrograph of the as-deposited magnesium (Fig. 4(a) ), suggesting that the deposited hcp magnesium lm has (0001) preferred orientation. When the magnesium lms were anodized to 100 V in the electrolytes at various H 2 O concentrations, the surfaces become smooth and featureless (Fig. 4(b) -(e)), even in the EG-free aqueous electrolyte (Fig. 4(e) ). This indicates the formation of the homogeneous anodic lms in the phosphate-containing EG-H 2 O electrolytes with a wide range of H 2 O concentrations. The formation of uniform anodic lms in phosphate-containing electrolytes is a contrast to the lm formed in the phosphate-free aqueous electrolyte, in which the surface of the anodic lm is relatively rough even below the dielectric breakdown voltage (Fig. 4(f) ).
Results

Voltage-time response
Film morphology
Structure of anodic lms
The structure of anodic lms was examined by XRD (Fig. 5) . The XRD patterns of the anodized specimens reveal only the re ections from the hcp magnesium lm and the fcc aluminum substrate; the absence of re ections from the anodic lms suggests that the anodic lms formed in the present electrolytes containing phosphate are amorphous. This is consistent with our previous study that lm structure becomes amorphous by the addition of phosphate in the EG electrolyte containing 0.1 mol dm −3 H 2 O and 0.1 mol dm −3 NH 4 F, 19) although crystalline MgF 2 phase was present in the anodic lm formed in the phosphate-free EG-H 2 O electrolytes containing NH 4 F.
16) The present study indicates that the structure of the anodic lms on magnesium is always amorphous in the phosphate-containing EG-H 2 O electrolytes, regardless of H 2 O concentration.
The anodic lms formed on magnesium were further examined by TEM. A transmission electron micrograph of the anodic lm formed to 200 V in the phosphate-containing EG-H 2 O electrolyte with 0.18 vol% H 2 O, reported previously, 19) disclosed a uniform barrier layer of 360 nm thickness, corresponding to the formation ratio of 1.80 nm V −1
. In the electrolyte with 50 vol% H 2 O (Fig. 6(a) ), the thickness of the anodic lm is 142 ± 3 nm after anodizing to 100 V, corresponding to the formation ratio of 1.42 nm V −1
. The lm thickness and formation ratio are further reduced to 113 ± 3 nm and 1.13 nm V −1 in the aqueous electrolyte containing phosphate ( Fig. 6(b) ).
The transmission electron micrographs (Fig. 6 ) also reveal that the anodic lms appear to consist of two layers. The inner part of the anodic lms, which is approximately one third of the lm thickness, shows apparently darker appearance. From later RBS analyses, the inner part contains a less amount of incorporated phosphate. The absence of diffraction contrast in the outer part of the anodic lms suggests the amorphous or poorly crystalline nature, in agreement with the XRD pattern. The inner part of the anodic lms showed electron-beam-induced crystallization during observation; thus, diffraction contrast appears in the inner part of the anodic lms in Fig. 6 . The crystalline phase was MgO, which was con rmed by selected area electron diffraction patterns. The electron-beam-induced crystallization was often found in amorphous anodic alumina 24) and the crystallization was delayed by the incorporation of electrolyte anion species. 25) In the present anodic lms, preferential crystallization in the inner layer may also be associated with the lower concentration of phosphate in the inner layer.
Film composition
RBS analyses of the anodized specimens were conducted to examine the lm composition quantitatively. Figure 7(a) shows the experimental and simulated RBS spectra of the magnesium lms as-deposited and anodized to 100 V in the phosphate-containing EG-H 2 O electrolytes. The RBS spectrum of the as-deposited magnesium shows the yield from magnesium, aluminum, and oxygen. The yields from oxygen and aluminum arise from the anodized aluminum substrate. Additional yields from phosphorus and uorine are present in the anodized magnesium specimens, indicating the incorporation of phosphate and uoride in the anodic lms. The experimental RBS spectra of the anodic lms at various H 2 O concentrations are tted well with the simulated spectra obtained using the composition, thickness and density of each layer shown in Table 1 . It is obvious from Table 1 that the anodic lms consist of phosphate-incorporated magnesium oxy uoride at all H 2 O concentrations. The hydroxide is also present in the anodic lms obtained in electrolytes with H 2 O concentrations ≥10 vol% and the content of hydroxide increases with the H 2 O concentration. The similar uoride concentration is found in both the outer and inner layers, but the phosphate concentration in the inner layer is highly reduced compared with that in the outer layer. The concentration of incorporated phosphate is also reduced with an increase in H 2 O concentration in electrolyte. The reduction of the phosphorus yield with an increase in H 2 O concentration in electrolyte is obvious in Fig. 7(b) , in which the yield from phosphorus in Fig. 7(a) is enlarged. The reduced amount of phosphate species with an increase in H 2 O concentration was also con rmed by FTIR ( Fig. 8(a) ). Phosphate shows a characteristic peak at 1130 cm
, corresponding to a ν 3 band of PO 4 3− . The peak intensity decreases with an increase in H 2 O concentration. From the yield from phosphorus in RBS spectra ( Fig. 8(b) ), the number of phosphate ions in the anodic lms was estimated and plotted as a function of H 2 O concentration in electrolyte, together with the FTIR absorbance of the phosphate peak. Both decrease similarly with an increase in H 2 O concentration in electrolyte.
Discussion
Current ef ciency
Uniform growth of anodic lms proceeded on magnetron-sputtered magnesium lm in the present both uorideand phosphate-containing EG-H 2 O electrolytes, including the EG-free aqueous one, as con rmed by scanning electron micrographs of the anodized magnesium surfaces (Fig. 4) . The growth ef ciency of the anodic lms formed at various H 2 O concentrations was estimated from the comparison of the electric charge passed during anodizing and that used for the formation of the anodic lms. The charge used for the formation of the anodic lms was estimated from the number of Mg 2+ ions in the anodic lm, which was obtained by RBS analysis. The results are summarized in Table 2 . The thickness of the magnesium lm consumed by anodizing was also estimated from the RBS analyses. In Table 2 , the electric charge passed during anodizing is in a good agreement with that estimated from the thickness of magnesium lm consumed by anodizing, indicating that the electric charge is used mostly for the oxidation of magnesium metal. The electric charge for other reactions, such as oxygen generation, is, therefore, negligible. The current ef ciency for the anodic lm growth is close to 100% when magnesium is anodized at low H 2 O concentrations up to 10 vol%. The ef ciency is reduced to 75% and 50% at 50 and 100 vol% H 2 O, respectively. Thus, even at such low ef ciencies uniform anodic lms with at lm surface are developed on magnetron-sputtered magnesium lms.
As shown in Fig. 1 , the voltage increases linearly with time to more than 100 V in the phosphate-containing electrolytes, although the slope reduces with an increase in H 2 O concentration. The slope of the voltage rise is described by a following equation; 
where V is the anodizing voltage, t is the anodizing time, E is the electric eld across the anodic lm, η is the current efciency for lm growth, M is the molar volume of the anodic lm, i is the current density, z is the equivalent number and F is Faraday s constant. The slope (dV/dt) is, therefore, dependent upon the current ef ciency, electric eld strength and lm and the molar volume of the anodic lm, which change with the H 2 O concentration in electrolyte. The slope estimated using the eq. (1) is also plotted in Fig. 2 . The estimated slopes are similar to the measured one. As shown in Table 1 , the thinner anodic lms are formed by increasing H 2 O concentration. The electric eld strength at 100% H 2 O is 1.6 times that in 0.18 vol% H 2 O. However, both the current efciency and molar volume decrease with an increase in the current ef ciency. The decrease in the molar volume with an increase in the H 2 O concentration is estimated from the increased lm density shown in Table 1 . As a consequence of the greater decrease in the current ef ciency and molar volume in comparison with the increase in the eld strength, the slope decreases with an increase in the H 2 O concentration.
The lm growth ef ciency might be reduced by the direct ejection of outwardly migrating Mg 2+ ions into electrolyte at the lm/electrolyte interface. In the uoride-containing EG-H 2 O and glycerol-H 2 O electrolytes, the anodic lms are formed by simultaneous migrations of cations (Mg ) inwards. 17, 26) The transport number of cations was estimated to be 0.6 in the phosphate-free Eg-H 2 O electrolytes, but it was increased further to 0.72 in the phosphate-containing EG-H 2 O electrolyte. 19) The transport number of cations is usually less than 0.5 for the anodic lms formed on many valve metals, such as aluminum, bismuth, niobium, tantalum, titanium and zirconium.
27) The relatively high transport number of cations is one of the characteristics of the anodic lms formed on magnesium in the uoride-containing electrolytes. Because of the high transport number of cations, lm material must be formed at the lm/electrolyte interface, in addition to the metal/ lm interface, even at a current ef ciency of 50%. In other words, the ejection of Mg 2+ into electrolyte and lm formation occur simultaneously at the lm/electrolyte interface in the aqueous electrolyte containing both uoride and phosphate.
In anodizing of aluminum in acid electrolytes, porous anodic alumina lms, not barrier-type lms, are formed. Barrier-type anodic alumina lms are formed usually in neutral aqueous electrolytes, because the anodic lms grow at high current ef ciency. In acid electrolytes no lm material is formed at the lm/electrolyte interface, and eld-assisted ejection and/or eld-assisted dissolution proceed at this interface to form a porous layer. It was reported that direct ejection of outwardly migrating cations into electrolyte at the lm/electrolyte interface without forming oxide at this interface is a prerequisite for the formation of porous anodic lms. 28) Non-uniformity of the lm thickness induces the local increase in the eld strength. The eld-assisted dissolution is enhanced at the lm/electrolyte interface by the increased eld strength, developing pores in the anodic lm.
Barrier-type anodic lms are formed on magnesium even at the current ef ciency of 50% in the aqueous solution in the present study. This fact might be associated with the development of lm material at the lm/electrolyte interface in addition to partial ejection of Mg 2+ ions into electrolyte at this interface. In previous TEM observations, 16, 17, 19) a light band, rich in oxygen species, was found in the anodic lms on magnesium and its alloys. The band was associated with an airformed lm, which was present before anodizing. Thus, the location of the band was assumed to be a marker plane, above which lm material was formed at the lm/electrolyte interface. In the phosphate-containing electrolyte, the band corresponds to the boundary between an outer layer containing a relatively high concentration of phosphate and an inner layer containing a less amount of phosphate. 19) By assuming a marker plane at the boundary between the outer and inner layers, as in the case of the previous study, the transport numbers of cations in the anodic lms formed at 0.18 and 10 vol% H 2 O, estimated from the number of Mg 2+ ions in the outer layer with respect to that in the anodic lm, were 0.73 and 0.74, respectively, which were in agreement with the previous study. 19 ) At 50 and 100 vol% H 2 O, the current ef ciency for lm formation was low, as discussed above. By considering the dissolved amount of Mg 2+ ions, the transport number of cations was estimated even at 50 and 100 vol% H 2 O. The value was 0.8 at both H 2 O concentrations in electrolyte, indicating no signi cant change in the transport number of cations with H 2 O concentration. As a consequence of partial dissolution of Mg 2+ ions from the lm/electrolyte interface under the presence of the high electric eld during anodizing, the thickness ratio of the outer layer with respect to the total lm thickness was reduced in the electrolytes with 50 and 100 vol% H 2 O, as shown in Table 1 . Because of such a high transport number of cations, an outer layer formed at the lm/electrolyte interface is present even at low current efciency close to 50%. The formation of lm material at the lm/electrolyte interface is contrast to the condition of the formation of no lm material at the lm/electrolyte interface for the formation of a porous anodic lm. 28) Anodizing of magnesium in this aqueous electrolyte containing uoride and phosphate is an interesting system for the formation of a uniform barrier -type anodic lm even at low current efciency. For a better understanding of both the lm formation and dissolution processes at the lm/electrolyte interface during anodizing of magnesium, further detailed study is awaited.
Volume expansion factors
The dif culty of the formation of a protective surface lm on magnesium is often explained in terms of PBR, i.e., the ratio of the molar volume of the oxide to that of metal. The PBR values for most of the valve metals, including aluminum, niobium, tantalum, titanium, zirconium are greater than unity, such that the oxide lms formed on these metals could cover the entire metal surface. In contrast, the PBR value for MgO/Mg is only 0.8, making the formation of a protective lm covering entire metal surface dif cult. In fact, highly cracked oxide lms, mainly consisting of MgO, were formed on high purity magnesium after immersion in H 2 O for 48 h. 29) Table 3 summarizes the volume expansion factors, i.e., the thickness ratios of the anodic lm to magnesium metal consumed, in anodizing of magnesium in the EG-H 2 O electrolytes with various H 2 O concentrations. Since the current efciency for lm formation is not always 100%, the volume expansion factor is different from the PBR. When the anodic lms are formed in the electrolytes containing ≤10 vol% H 2 O, the volume expansion factor is equal to PBR, being as large as 2.0. The value is reduced to 1.28 in the electrolyte containing 50 vol% H 2 O, partly due to reduced growth efciency of 75% ( Table 2 ). The volume expansion factor in this electrolyte is reduced to 1.7 even if the growth ef ciency of 100% is assumed. This may arise from the fact that the concentration of incorporated phosphate is reduced at higher H 2 O concentration in electrolyte (Table 1 and Figs. 7 and 8 ).
The volume expansion factor for the anodic lm/Mg in the phosphate-free EG electrolyte containing 0.18 vol% water is 1.67, being lower than that formed in the phosphate-containing electrolyte with the same H 2 O concentration. The volume expansion factor in the aqueous electrolytes with and without phosphate is further reduced and becomes less than unity, as shown in Table 3 . Despite the volume expansion less than unity, a uniform anodic lm is formed in the phosphate-containing aqueous electrolyte (Fig. 4) . The nding indicates that the volume expansion factor greater than unity may not be a critical factor for the formation of anodic lm, although it is likely that the reduced volume expansion factor to as low as 0.64 in the phosphate-free aqueous electrolyte contributes to the breakdown at a low anodizing voltage and the non-uniform lm growth. The PBR values estimated for the anodic lms formed in all the anodizing electrolytes used in this study are always greater than unity.
In the phosphate-free aqueous electrolyte, it is more difcult to form anodic lms uniformly to high voltages. However, as shown in Fig. 1 , the voltage increases linearly with anodizing time. At low formation voltages, the anodic lms form appear to grow uniformly even in the phosphate-free electrolyte. Because of the low breakdown voltage ( 56 V), the anodic lm could not thicken to more than 70 nm. The quantitative RBS analysis of such a thin lm was dif cult, making the PBR, growth ef ciency and lm composition remaining unclear. From SEM cross-sections, the volume expansion factor is estimated to be as low as 0.64 (Table 3) , which is again lower than that in the phosphate-containing electrolyte. This low value may be due to low current ef ciency, not due to low PBR, such that linear voltage rise occurs at low formation voltages. The easy breakdown and non-uniform lm growth below 50 V is a subject of future study.
In summary, the electrolytes containing uoride and phosphate are suitable to grow a uniform anodic lm on magnesium to high voltages of more than 100 V. The anodic lms are barrier-type even if the growth ef ciency is as low as 50%. The formation of phosphate-incorporated oxy uoride lms with PBR greater than unity and high cation transport number of cations ( 0.75) may be responsible for the formation of uniform anodic lms even at low ef ciency.
Conclusions
(1) Barrier-type anodic lms are formed galvanostatically to more than 100 V on magnetron-sputtered magnesium lms in the EG-H 2 O electrolytes containing ammonium uoride and dipotassium hydrogen phosphate in a wide H 2 O concentration range including 100 vol% H 2 O. (2) The anodic lms are apparently amorphous and consist of phosphate-incorporated oxy uoride. The amount of phosphate in the anodic lms decreases gradually with an increase in H 2 O concentration in electrolyte. The phosphate distributes throughout the lm thickness (3) The anodic lms consist of two layers with the inner layer containing less amount of phosphate. The inner layer is formed at the metal/ lm interface by inward migration of anions and the outer layer is formed at the lm/electrolyte interface by outward cation migration. (4) The ef ciency of lm formation is close to 100% at low H 2 O concentrations, but decreases to 52% in the EG-free aqueous electrolyte. Even at such a low ef ciency, a barrier-type lm of uniform thickness is developed.
